kinase assay and Western blot, respectively. Results: Apoptosis of cultured rat podocytes was induced by ALD in a dose-and time-dependent manner. ALD inhibited the activity of PI3-K/Akt and increased the activation of p38MAPK. PI3-K/Akt activity was further inhibited by the addition of wortmannin to the cells in the presence of ALD. This was accompanied by a significant increase in apoptosis. ALD-induced p38MAPK phosphorylation and apoptosis were inhibited when the cells were pretreated with SB20. Furthermore, treatment with spironolactone not only attenuated the proapoptotic effect of ALD, but also significantly reversed its effects on PI3-K/Akt and p38MAPK signaling pathways. Conclusion: ALD induces apoptosis in rat podocytes through inhibition of PI3-K/Akt and stimulation of p38 MAPK signaling pathways. Spironolactone attenuates ALD-induced podocyte apoptosis, thereby positioning this compound as a potential promising target of intervention in human renal damage. 
Introduction
Aldosterone (ALD) is an important mediator of the renin-angiotensin-ALD system (RAAS) and plays a pivotal role in the regulation of salt and extracelluar fluid metabolism [1] . ALD also has nonhemodynamic effects leading to end organ damage and renal injury [2] . These detrimental effects of ALD are independent of the RAAS. Rats with hypertension, diabetic nephropathy or glomerulosclerosis exhibit high levels of ALD associated with proteinuria and progressive renal injury [3, 4] . ALD induces production of reactive oxygen species and inflammatory molecules in hypertensive rats [5] . It also stimulates excretion of TGF-␤ into the urine [6] . Moreover, inhibitors of ALD or adrenalectomy attenuate renal injury in human nephropathies as well as various experimental animal models [7, 8] .
Plasma and tissue ALD are elevated in diabetic and other progressive nephropathies and may cause various physiological effects through both genomic and nongenomic mechanisms [9] . Several studies have suggested that the mineralocorticoid receptor (MR) and the membrane receptor may be involved. Genomic action is mainly through the type 1 MR which locates on the nuclear membrane. The ALD-MR complex is the classical ALD pathway leading to inhibition or activation of several target genes, whereas the nongenomic actions of ALD are mediated by binding cellular membrane sites [10] . Those effects are more rapid and stronger than the genomic ones while the membrane receptor has not been definitely identified and the mechanisms leading to those effects remain not well defined.
Podocytes are highly differentiated cells and constitute the main component of the glomerular filtration barrier. Its injury, apoptosis or depletion from glomerular basement membrane are thought to be associated with the initiation and progression of glomerulosclerosis [11] . Several studies demonstrated that a variety of pathophysiological stimuli such as TGF-␤ [12] , angiotensin II [13] , intoxicant [14] and reactive oxygen species [15] can induce podocyte apoptosis in cultured cells and experimental animal models. Apoptosis induced by ALD has been reported in vivo and in vitro in a variety of cells including endothelial cells and myocytes [16, 17] , but not in podocytes.
Since podocyte apoptosis is crucial in the development of renal fibrosis, we investigated the potential role of ALD in the induction of podocyte apoptosis in cultured rat podocytes. Furthermore, we studied the effects of ALD on the main anti-or proapoptotic signaling pathways, i.e. phosphatidylinositol 3-kinase/Akt (PI3-K/Akt) and p38 mitogen-activated protein kinase (p38MAPK) in ALDstimulated podocyte apoptosis.
Methods

Podocyte Culture
Primary cultures of podocytes were prepared from isolated glomeruli of Sprague-Dawley rats (Experimental Animal Center of Wuhan University) according to a previously described technique with slight modifications [18] . Briefly, glomeruli were isolated by sieving of minced cortices. Glomeruli were plated and cultured on type I collagen-coated culture flasks (BD Falcon, Bedford, Mass., USA) in media consisting of equal parts of conditioned 3T3 media and Dulbecco's modified Eagle's medium nutrient mixture F-12 HAM (Gibco, Carlsbad, Calif., USA), supplemented with insulin-transferrin-selenium media supplement (Gibco), 5% fetal bovine serum (Sigma, St. Louis, Mo., USA), penicillin (100 U/ml) and streptomycin (100 g/ml) at 37 ° C in 5% CO 2 . After 5 days, cell outgrows from the attached glomeruli were digested, passed through a sieve with a pore size of 40 m and transferred to another flask. Podocytes were characterized by immunofluorescent positive staining for podocalyxin, synaptopodin and WT1 (Santa Cruz Biotechnology, Santa Cruz, Calif., USA), in combination with negative staining for myosin and factor VIII. Podocytes were used for experiments between passages 3 and 6.
The conditionally immortalized mouse podocyte cell line (MPC5) was kindly provided by Dr. Peter Mundel (Mount Sinai School of Medicine, New York, N.Y., USA). To induce proliferation, podocytes were cultured at 33 ° C in RPMI 1640 medium, supplemented with 10% fetal bovine serum and 10 U/ml mouse recombinant interferon-␥ (ImmunoKontact, Abingdon, UK) to boost the expression of thermosensitive large-T antigen. To induce differentiation, podocytes were seeded on collagen type I coated plates without interferon-␥ under nonpermissive conditions at 37 ° C for 10 days.
Experimental Treatment of Podocytes
After the characterization, equal numbers of cells were plated and grown to subconfluence. Podocytes were washed twice with PBS and then incubated in media (1% FCS) containing buffer (control), variable concentrations of ALD (10 -9 to 10 -5 M ; Sigma), or stable concentration of ALD (10 -7 M ; Sigma) for 6, 12, 18, or 24 h. In separate experiments, podocytes were pretreated with wortmannin (100 n M , a specific antagonist of p85, regulatory subunit of PI3-K; Cell Signaling Technology, Danvers, Mass., USA), SB20 (10 M , a selective p38MAPK antagonist; EMD Bioscience, Darmstadt, Germany), or spironolactone (SPIR; 10 -7 M , a blocker of ALD; Sigma) for 1 h prior to the stimulation with ALD (10 -7 M ).
Flow Cytometry by Annexin V-FITC Conjugated with PI Staining
Podocyte apoptosis was determined by flow cytometry, using annexin V-FITC and propidium iodide (PI) double staining [19] . As recommended by the manufacturer of annexin V-FITC apoptosis detection kit I (BD Biosciences, San Jose, Calif., USA), cells in each treated group were washed twice with cold PBS and then e28 resuspended in binding buffer. A total of 1 ! 10 6 cells/ml were transferred in a 5-ml tube containing 5 l of annexin V-FITC and 5 l of PI and were incubated for 15 min at room temperature in the dark. After adding 400 l of binding buffer, the samples were analyzed by flow cytometry (BD FACSCalibur, Rockville, Md., USA) within 1 h. Annexin V-positive and PI-negative cells were defined as apoptotic. A total of 2 ! 10 4 cells were detected by FCM in each of the samples. Data analysis was performed with Modifit Flow Cytometry Software.
Detection of Apoptosis by H-33342 Staining
Morphological evaluation of podocyte apoptosis was performed using H-33342 (Sigma) staining which detects the nuclei of both apoptotic and living cells. Apoptotic cells in treated groups exhibited nuclear condensation, nuclear fragmentation and chromatin margination. The condensed nuclei were stained bright blue with increased fluorescence. After incubation with the various components as outlined in 'Experimental Treatment of Podocytes', cells were fixed with 95% alcohol for 15 min and stained with H-33342 (10 g/ml) for 5 min at 37 ° C in the dark. The stained cells were studied using a laser confocal microscope (Leica, Wetzlar, Germany). The rate of apoptotic cells was recorded in ten random nonoverlapping fields by two blinded observers.
Protein Extraction and Western Blot Analysis
Western blot analysis was carried out as described previously [20] . In brief, primary cultured podocytes were lysed on ice in cell lysis buffer (150 m M NaCl, 1 m M EDTA, 1 m M EGTA, 1% Triton-100, 2.5 m M sodium pyrophosphate, 1 m M Na 3 VO 4 , 1 m M ␤ -glycerophosphate, 1 g/ml leupeptin, 1 m M phenylmethyl sulfonylfluoride, 20 m M Tris-HCl, pH 7.5) for 30 min. The cell lysates were centrifuged at 14,000 g for 20 min in a 4 ° C centrifuge. The protein concentration was determined using a BCA protein assay kit (Pierce, Rockford, Ill., USA). Equal amounts of proteins (25 g) were subjected to a 12% SDS-polyacrylamide gel. After being electrophoresed, the proteins were transferred onto a PVDF membrane by using a Bio-Rad Western blot analysis apparatus. The membrane was incubated with blocking buffer for 60 min at room temperature and then incubated overnight at 4 ° C with the primary polyclonal antibodies against p38, phospho-p38 MAPK (New England Biolabs, Herts, UK) with ␤ -actin as a normalized reference, followed by the addition of horseradish peroxidase (HRP)-labeled secondary antibodies. The peroxidase activity was visualized by using a chemiluminescence detection kit (ECL; Santa Cruz) and exposed to Kodak film. Quantitative densitometry was performed by using a computer-based image analysis system.
Akt/Protein Kinase B Kinase Activity
Akt/protein kinase B (PKB) kinase activity was measured by Akt/PKB kinase assay kit (Cell Signaling Technology). Immobilized Akt is used to immunoprecipitate Akt from cell extracts. Then, an in vitro kinase assay is performed using GSK-3 fusion protein as a substrate. The Akt kinase activity was evaluated by the phosphorylation level of GSK-3 ␣ / ␤ (Ser21/9). In brief, based on different experimental conditions cells were lysed in the same way as protein extraction above. Immunoprecipitation was performed by using 20 l immobilized anti-Akt IgG1 monoclonal antibody incubated with 200 l cell lysate overnight at 4 ° C. After microcentrifugation and washing the cell lysis buffer and kinase buffer, respectively, 1 l of 10 m M ATP and 1 g of GSK-3 fusion protein were mixed with the pellet in 50 l kinase buffer, incubated for 30 min at 30 ° C. The reaction was ended and the mixture was microcentrifuged for Western blot analysis. Phospho-GSK-3a/b rabbit polyclonal antibody (Ser21/9, dilution 1: 1,000) was used as a primary antibody and HRP-conjugated anti-rabbit IgG was used as secondary antibody (dilution 1: 2,000).
Statistical Analysis
Results are presented as means 8 SEM. Statistical comparisons were made using one-way ANOVA followed by Student's t test or Dunnett's test using SPSS v11.0 software. Statistical significance was defined as a p value ! 0.05. 
Results
ALD Induces Apoptosis in Primary Cultured
ALD Suppresses Activation of PI3-K/Akt
The activation of Akt is reflected by testing the phosphorylation level of GSK-3 ␣ / ␤ after Akt immunocoprecipitation has been performed. Western blot analysis showed ( fig. 4 a) that incubation of podocytes with ALD significantly inhibited the activation of Akt in a dose-dependent manner, with the minimum activation at approximately 60 min, and returning to almost normal levels at 120 min ( fig. 4 b) . We therefore investigated the effect of podocyte pretreatment with wortmannin on Akt activation and apoptosis. Akt was inactivated and associated with increased podocyte apoptosis when this specific inhibitor of PI3-K was added ( fig. 4 c) . Incubation with SB20 caused no significantly change in the activa- 
ALD Triggers the Activation of p38MAPK
As shown in figure 5 a and b , ALD increased the activation of p38MAPK in a time-and concentration-dependent manner. We further evaluated whether the two pathways (p38MAPK and A13-K/Akt) were associated with each other. The specific inhibitor of p38MAPK, SB20, was used to assess the effect of p38MAPK on PI3-K/Akt. Incubation of the cells with SB20 partially abolished the proapoptotic effect of ALD ( fig. 5 c) , but it had no influence on Akt activation, verifying that ALD induced podocyte apoptosis through p38MAPK pathway and PI3-K/Akt pathway independently. SPIR prevented p-p38 formation during ALD stimulation ( fig. 5 c) .
Protective Effect of SPIR
As SPIR could affect several genes associated with cell survival, flow cytometry followed by annexin V-FITC and PI double staining were carried out to investigate whether SPIR affects ALD-induced podocyte apoptosis. SPIR-and ALD-treated podocytes revealed less apoptosis compared with podocytes treated with ALD alone. This was further evidenced by morphological analysis ( fig. 6 ).
Discussion
Based on their special cytobiological characteristics, podocytes play a pivotal role in maintaining the integrality of the glomerular filtration barrier [21] . Numerous p38MAPK and aggravated by wortmannin, the p85 subunit of PI3-K inhibitor.
In a previous study, we found that angiotensin II also induces podocyte apoptosis [13] . Recent studies have shown that ALD, besides its classic effect as a downstream factor of angiotensin II in the distal collecting duct of the kidney on sodium retention and potassium loss, can also stimulate a number of signaling cascades with both physiologic and pathophysiologic consequences. ALD can increase inflammatory mediators, oxidant stress [22] and negatively affect endothelial function in the cardiovascular system. These effects are not only caused by circulating ALD synthesized by the adrenal gland, but also by local biosynthesis as occurs in blood vessels [8] . In the heart, it contributes to the pathophysiology of heart failure by initiating cardiomyocyte apoptosis [16] . Podocytes are very fragile and injury could occur through various deleterious stimuli, resulting in podocyte hiatus and apoptosis, which subsequently play a vital role in the development of glomerulosclerosis [13, 23] . In renal failure and diabetic nephropathy models, ALD is associated with albuminuria [3] , hypertension [24] and glomerulosclerosis [7] as an independent agent. Nagase et al. [25] and Nagase and Fujita [26] reported recently that ALD evoked glomerular podocyte injury through oxidative stress and sgk1 upregulation.
PKB (also referred to as Akt or Rac) [27] is the major component of the serine-threonine protein kinase family which plays an important role in apoptosis and survival signaling pathways [28] . Akt is preferentially activated in a PI3-K-dependent manner by phosphorylation at Thr308 and Ser473. This activation plays a pivotal role in fundamental cellular functions such as cell proliferation and survival by phosphorylating a variety of substrates, though Akt activation is an independent action of PI3-K in experimental conditions [29] . Akt kinase pathways protect cells from apoptosis by various stimuli. Nephrin activation could for instance influence the apoptotic state of podocytes via a PI3-kinase/Akt axis [30] . p38MAPKs [31] are active in response to a variety of agents. p38MAPK signaling molecule, on the other hand, is predominantly activated by inflammatory cytokines, environmental stress, thus leading to apoptosis in various experimental models. In the current study, we have reported that incubation of podocytes with ALD decreases the phosphorylation of GSK-3 ␣ / ␤ [32] , a downstream target of Akt, which suggests a role for downregulated Akt signaling in ALD-induced podocytes apoptosis. Given the fact that Akt activation is not always accompanied with PI3-K activation, the inhibitor of p85, a regulatory subunit of PI3-K [33] , was used to specifically address the dependence of Akt on PI3-K. Adding wortmannin makes the inactivation of Akt clearer, which again suggested that ALD influences the apoptotic state of podocyte via a PI3-K/Akt axis. This result indicates that the mechanism of ALD-induced podocyte apoptosis might be different from that seen in myocytes [34] . Our previous study showed that angiotensin II induced podocyte apoptosis via activation of p38 MAPK [35] . In order to affirm the important role of p38MAPK in the present study, we evaluated p38MAPK and found that ALD activated p38MAPK within 15 min of treatment. To further explore and confirm the independent but not synergistic role of p38MAPK in ALDinduced podocyte apoptosis, a p38MAPK inhibitor was used. Inhibiting p38MAPK by SB20 did not affect the inactivation of Akt, showing that inactivation of the Akt pathway occurs independent of the p38MAPK pathway in this process. SPIR, which binds to cytoplasmic MR and functions as a nonspecific MR antagonist, is generally used as a diuretic to reduce the extracellular fluid volume without causing potassium depletion or hypokalemia [36] . In contrast to the well-known classic effects of SPIR, recent findings indicate that it is important for decreasing pathological tissue modifications in the cardiovascular system and the kidney [3] . The ALD receptor antagonist, SPIR, not only slows the progression of glomerulosclerosis, but also induces regression of existing glomerulosclerosis in rats [7] . SPIR can also protect cardiomyocytes and human umbilical vein endothelial cells from apoptosis [37, 38] . In our study, we added SPIR to evaluate its influence on ALD-induced podocyte apoptosis. The results indicate that SPIR limits the apoptotic effect of ALD on podocytes. The mechanism underlying this phenomenon is not clear. Interestingly, adding SPIR reverses Akt and p38MAPK expression in podocytes incubated with ALD. Since a cross-talk exists between p38MAPK cascade and MR pathways in some kinds of cell strains [39] , we hypothesize that this antiapoptotic effect of SPIR in podocytes may take place in a MR-dependent or -independent manner.
In conclusion, ALD induces podocyte apoptosis in a time-and dose-dependent manner in vitro. This effect of ALD seems to be mediated through the inactivation of PI3-K/Akt and the activation of p38MAPK independent- ly. ALD-induced podocyte apoptosis is partially attenuated by ALD cytoplasmic MR antagonist SPIR, positioning this compound as a promising target of intervention in renal disease.
